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Saturation mutagenesis of the mature human inter* 
leukln-la (tL-la) gene has been performed. Following 
expression in E$cheriehia coli, the! biological and 
receptor binding activities of the mutajht proteina were 
examined. Moat of the molecule oouldjbe altered with 
little effect on either function. More ihan 3,500 mu- 
tants were examined, and only 23 unique amino acid 
sequences were identified which resulted in an altered 
ratio of biological to binding activity jwhen compared 
with wild-type IL-1 a, These proteins possessed muta- 
tions at $8 of the 159 amino acid residues in XL-la. 
Random mutagenesis at several of thes^ positions iden- 
tified further substitutions that effected activity. Ex- 
amination of a model for XL-la localfced moat of the 
residues which altered activity along) one face of the 
molecule* This region appears to be distinct from areas 
of IL-1 which have been postulated make contact 
with IL-1 receptor* 



Interleulrin-1 (IL-1) 1 ib a potent cytokira that is involved 
in inflammatory responses and .effects the trowth and differ- 
entiation of T ceilB, B celU, and fibroblasts (Tor review, see 
Durum et aL, 19B5), The two molecules responsible for this 
activity, IL-Ia and IL-10, share only 22% ajnmo acid similar- 
ity {March et ai, 19B6; Auron et aL, 1987). Each binds to both 
forme of IL-1 receptor (Dower et aL, 19B6| McMahan et al t 
1981). Both IL-1 molecules ars produced as intracellular 
precuraorB end are subsequently procesaed to mature proteina. 
Although the precursor form of IL-la is biologically active, 
only the mature form of IL-1/9 hae any biological activity 
(Mosley et aL, i9S7a t 1987b). cDNAs hjjve been isolated 
encoding a third form of IL-1, IL-1 recept|ir antagonist (IL- 
lra) (Carter et at, 1990; Eieenbsrg et aL t 19|0; Hannum et al t 
1990). This molecule has homology to botrf lb-let and IL^10 
and has an affinity for the IL-1 receptors jfloee to that seen 
for IL-1 a and IL-1 A yet elicita no biological response from 
target cells (Arend et ai, 1990; Carter er ©jj, 1990; Eiaehberc; 

* Thia work wag supported by funding from a Mint vonturo between 
Immunol Corporation and Eumman Kodak, Thticoiii of publication 
of thii article were defrayed in part hy the payment of pngo charges. 
This article niuat therefore be hereby marked r'adwrtinement" in 
accordance with IS U.9.C. Section }734 solely tcjj indicAW this fact. 

The nucleotide aBquenoefeJ reported in thiapaptxf hdt been tubmittad 
to the QenBank T> */EMBL Data Bank with \ccessian numberfaj 

§ To whom correspondence should be flddroused: Immune* Re- 
search and Development Corp., 61 University St.} Seattle, WA BBlOl. 
Tel.: 206-SB7.Q43Q; Feat: 206-233-9733. 

H Present address: Protein Research Labor aco ill en, lOGOO-a Gamin a 
Ruiz, Suite 2H1, San Die^o, CA ] 

1 The abbreviations oeod era: IL»1, Inlftrleukir'.-l; IL-lre, interleu- 
kin-l receptor antagonist. 



et qL, 1990; McMahan et aL, 1991). Alignments among these 
three sequences for several species do not indicate which 
residues are important for activity (Yanofaky and Zurawaki, 
1990). The three -dimensional structured of II- -la (Groves et 
aL, 1990) end IL-10 (Gilliland et aL, 1987; Prieutle et al> 1990) 
demonstrate the structural similarity of the two molecules but 
do not suggest which regions of the molecules are responsible 
for activity. 

Deletion and combinatorial mutagenesis have identified 
residues at the amino terminus of IL-1 ft which are needed for 
biological activity (Yanofaky and Zurawsfci. 1990). However, 
since the affinities of these mutants for receptors were 
not examined, it is impossible to differentiate whether these 
mutations affect biological activity, the ability to bind IL-1 
receptor, or the structural integrity of the protein. The exist- 
ence of IL-lra demonstrated the ability to separate biological 
activity from binding activity, Although many site-directed 
mutations of IL-la and IL-1/9 have little effect on the function 
of the proteins (Gronenborn et aL, 198B: Karnogflflhira et aL, 
19BSa, 1988b; Craig aL. 1989). several mutants demonstrate 
Greatly reduced biological activity with little change in affinity 
for the type I IL-1 receptor (Gohrke et aL t 1990; Vamayoehi 
et al, t 1990). 

Using a novel method of saturation mutagenesis, random 
mutations were generated throughout the entire sequence of 
IL-la. Assays to determine both biological and binding activ- 
ity were performed on several thousand mutant proteins. By 
examining the ratio of biological to binding activity for each 
mutant and comparing it with the ratio for wild-type IL-la, 
regions of I L- la which affect these two properties differen- 
tially were identified. 

MATERIALS AND METHODS 

Emymt* and Vector*— All restriction en ay me a, T4 DNA li&aaa, 
and T4 poly nucleotide kinSAt wert obtained from Bnehringer Mann- 
heim or New England Biolub*. BBGl> a pladmld bearing a synthetic 
pane far human IL-la, wqb purchased from BxiUflh Biotechnology. 
The construction a f pPLBBGIL-la hfla boon described previously 
(PoindavtDr et aL, 1901). An Spel eh to wpt5 tutted uning a|te-41rected 
route seneHio. PlaBmid DNA was purified by the alkaline lysis method 
(AuBubei et qi., 19BS). 

DNA Synthesis— OUgonucleoUdu cassectee used for the construc- 
tion of muiflntfl were synthesized on an Applied Bioaystems modal 
3BOA DNA synthesizer. For saturation piutaganeiii each uf the four 
phoephoramidiLee was contain inated with a small amount of ths other 
ihree. The phoflphoramiditafi ware contaminated at two different 
)ovo]a, 4.2% far the eoneo strand and &A% {at the amiMnse arrsnd 
(Polndaxter et ai t 1&91). For random mutageneeie, the caaeette was 
synthesized normally except for the substitution of an equi molar 
mixture of the four phofiphoramiditee for the throe nucloctidoe mak- 
ing up the chosen codon. Oligonucleotides were purified by pplyecryl* 
amide gel electrophoresis on a 40-cm B% polyacryiamide t 7 m urea 
gel. Care wae token lo eatcise fblMength oligonucfeotidea, and the 
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Tic. 1. Coding tkocjuance of human 
IL-la gene ueed in saturation rau- 
t agenesia, The DNA sequence a>wn< 
stream from the promoter of 
pPLBBGIL-ic* ia tihawn (accession no. 
X65446), Tbo coding sequence ig reprfl- 
aenttid by coprM fetter*. The coding se- 
quence Tor tha IL-la gene 10 divided into 
eight FcgianP, named tar the restriction 
en*ymei that border them. The nine re- 
striction enzymes we Clal {C) f JifcoRJ 
(R), /*«fl (PJ.SatI (S). Pvutt (U), 5omHI 
(fij, Spel (S), Rail (G), and /imdlll (H). 
Thufi tho aiffht region* Ore CR, RP, PS, 
SU.UB.BS.SG.andCH. 
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Clal (C) 

H3XPFSVL3NVKYNFHR 
1 atcgatact^T<MA6CXCCTTTTAGCTTCC^C^^CA^TGTGAAAT^C*Al;TTTATCASC 60 

IIJcYEFILNDAIiNQSIXRAN 
61 ArCRTCAAATACGAATTCATTCTGAACCATGCATTGAACCAGTCTATTATrCGTGCAAAC 120 
Patt (P) 

OQYLTAAALUNLDPAVKFPM 
121 GAC CfkGT KCCTG aCTGCAGC AGCCCT GC KC AATCTGG ACG AAG C AGTT AA ftTT CG ACATG ISO 

GAYkSGKDQAKITVlLRlSK 
161 CGtGCTTACAAGAGCTCGAAAGACGACGCAAAAAtCACTGTAATCCTACGTATTTCTAAA 24Q 

PVUI7 (U) 

TQLYV^AgOfiPQPV^tKEMP 
241 ACCCAqCTQTATGTAACTCCACAGGATGAAGATCAaCCAGTACTTCTqAAASAAATQCCT JOO 
flifllUl IB) 

JClPKTSTGaETNLLrFWKTK 
301 GAGATCCCCAAGACTATCACTGGATCCGAGACTAACCTGC»GTTCTPCTqGGAAACTCAC 360 
Sf>el (S) 

C^KHyFTSVAHPWLFlATKO 
361 GGTACCAAAAACTACTTCACTAGTGTGGCTCATCCGAACCtGTTCATCGCCACAAAACAfi 420 
£ffJl <G) 

DYWVCLAOGPPS ItDF(III.E 
421 GACT^TGGGTATGCCTGGCAGGCGGTCCGCCA^CGATCACTGACTTCCItGATCCTCGAG 460 
Windlll t H > 

N 0 A ■ " 
481 AACCAAGCATAATAAgacccaagctt 506 
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Ptg. 2. Ability of biological and 
binding activity screens to identify 
mutant* with oHered activity. Panel 
4, 96 identical samples af wild-type IL- 
Irr. Pantti B t 96 independent anmpley of 
wild-type Iij-1«. f 1 ^' C. 30 mutants of 
IL-1<t from che PS region (open circles) 
and 8 wild -type ILAn (closed circle*) > 
Panel D % 90 mutanu at IL-lo from the 
RP region {open circlet) and 6 wild- type 
IL-]0 (clo&ed circlon). The biological ac- 
tivity )b expreeiied in unita/mli and tho 
binding activity je the reciprocal dilution 
that results in 50% binding inhibition 
(bbb -'MflwrialB and Methods"). 
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Binding Activity 



oligonucleotideo were deprotected and reflufll ended in TE {10 mM 
Tria-HCl, pH 7.4, 1 m*t EDTA). | 

Ansembfy and Cloning of Mutagenic OligonMleQtidefi— The general 
procedure has heen doHcrihod fpoind^xtor ct t\l> 1991 ). Twnty pico- 
molee of each oligonucleotide in a mytuitflnla 
20 ni of TE and placed at 6& 'C for 1& min. T 



w> cool alowly to room temperature and then placed on ice. Each 



'laEsuUe were mixed in 
a mixtwre was nllowrd 



mutagenic cuedotte had unique ends, allowing them to bo Ugated mto 
appropriately cleaved vectors. To increase the efficiency orflcrwnne* 
intermedioto vectora wars constructed for each region. Theae inter- 
mediate vectors contained an Irrelevant Bagmcnt of DNA inserted 
betwnon the relevant reatrjetion enzym* aitaa. Iuaertion of the mu- 
tagenic caaBQttH followed hy reatriction with an enzyme unique to tbo 
intermedial plaflmid greatly reduced ihe incidence of vuciore without 
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Fig. a. Mutant* with altered aetWitiai 
ware normalized to the internal wild-type 1L 
mean from at leg at three screens for mutant* 
IQ-fold greater or lens than IL-la are showi 
generated by saturation mutagenesis. Panel B t 
site-directed random mutajfeneeia at single ami' 
single letter amino acid code 1b used to descril 
wjld-Lype IL-lt*, the numher of tha residue, and,i 
mutant. An asttruk indicates single amino uc| 
alfla isolated from the figuration mutageneaia 



The activity ratios 
\\0 controls end the 
tb normalised ratios 
Panel At ptotoinfi 
roteina generated by 
to ecid residues. The 
|ie Lho amino acid In 
the amino acid of the 
| d change* that were 
raens. 



cassette inserted. The li action mixturt) wjjie Iran u formed into 
QMi|pRK248|- The Lrunsrormanta were acteeniid for insertion of the 
mutagenic caaaottfi by colony hybridization (PtundeitUT et ai, lftfll). 
Double-fltrqndodeequencinpnfihe vectors with Insert* waa performed 
using the dideoxy method (Sanger et at- 1977), 

Protein Rxprenxiun and A nalyui$— Mutant pi low ins ware produced 
hy using a pH induction protocol (Poindextor a-lid Gaylo> 1901 ), Culls 
containing recombinant plaarnids wore inoculaikd into 24-wull platea 
containing 1 ml of Supcrbroth (Ausubcl vt o/., IB8S), supplemented 
with M8 minimal aalttf and 1% glucose. Follow ing overnight growth 
at 30 "C, tha pH of the medium wee ahifwd to 1 by the addition of 5 
M NoOH. The chUb were grown a* 30 'C at pfl '9 for IS h before the 
cells were pelleted, Cella {40 jd) were spun dowji in a 96-well place at 
3,000 rpm for 15 roin. The cella wore reeuapeniJ ad in an equal volume 
of Iybib buffer (125 idm Trfo, pH 8. 296 SD f) and then 80 >d of 
phoaphate-bufferad saline U37 cim NeC], U7 mM KC1, 4.3 inM 
Na^HPQ,.7H a 0 p 1,4 mM KHjHPO*. pH 7.4) w( a added. The samplofl 
wero then used for biological or binding aatrcya, Binding activity waa 
determined by the capacity of Escherichia coli cell lysines to inhibit 
the binding of radiolabeled \L lu to EL4 cells kMoaley et ot, 1987b). 
Biological activity was examined using an &U convereion Aflsay 
(Moalay et aL t I8ft7a), £. cofi lyaawa contoltiia| wild- type IL-ln were 
included In evory assay aa control*. The dat i were analyzed by a 
nonlinear least squares fitting routine, and act vitiee were quun lifted 
using a standard curve, derived from purified Unr, for each bioloa> 
leal assay and each binding aanay, 

Madeline IL-Ja Structure— The three-dime Jeiunal model of IL-1(* 
used in this study ia an all atom protein moijel built using tho Ca 
coordinates gonoroted from the stereo diagrams nf the cryatal &truc* 
turo (Graves et at., 1990). The X and V coordinates for all of the Co 
atome were meaaured in tho ufter unit uainft ui e of tha two figures in 
the atereo diagram, The Known standard diat* nee of 3.B A> expected 
between the buccubeivo Ck a^oma, waa u&ed to acale and aaaign the Z 
coordlnutea for all of the Cn moms. An all aiorn model of 169 risalduea 



waa constructed In FHODO (Jones, lOW) from thaws 151 Ca coordi- 
natea (Lou-7 10 Aun-167). The Structure waa rofindd in 0 modlliod 
version of Biopraf (PBeplaa and Goldawin, It3fi9). 

DiwancfiB buiwetm the aucceeaive atoma were computod in the 
X-y projection hy meuauring the X and V coordiniiieu from one at 
the two atereo diagrams, A value of +1, -1, or 0 wa* aligned to the 
2 coordinated of every C« atom if it waa above, below, or in the aame 
depth aa the previous Cw atom in the atereo viaw. The acole factor 
reauirud to change the urbt unit to A unit waa computed by equating 
tha computed projection distance between twe> Bucceaaive Ca atoma. 
with a aign of 0, to that of tha atundard distance of M A. 'I he X and 
V coordinates of all of the Ca atome ware multiplied with iHia acale 
factor, and the projection distance between tho aucceaeive Cn coor- 
dinates waa computed. AU of the projection diatanpaa rnaaaurad thij 
way will be either lees than or equal to 3.B \ baoanBe of the Z 
nattanine- Appropriate Z cuordinataa were then unsigned to each C« 
atom such that the computed distance between succeasiva C« meaa- 
u«d 3.8 k- The computed Z coordinatuH waro multiplied with the 
aign oBflieneri to them. The cumulative error in tho computation of 
thu Z coordinatea waa correctod hy adiuatinfi only tho Z coordinatca 
using a wire model. Tha accuracy of the computed coordinate waa 
tested by aupBrimpoaind tha resulting Ca trace on to the structurally 
conserved reports af StructurO. The root mean square value for 
the structurally conserved region is Q.7h A. 

RESULTS 

Alteration of the IL-la Gene by Saturation Mutagenesis— 
The synthetic IL-la gene has unique restriction enzyme site a 
approximately every 60 base pairs, dividing the gene intfi 
eight different regions (Fig. 1). The mutant* from each region 
of the molecule are described by the restriction enzymes found 
at each end of the region. Thue tho ei^ht regions are CR 
(CJaKEcoftl). RP (EcuRT-PaiI), PS {PathSatl). SU (Sfltl- 
PvuUh UB (Pvull-Bammi BS (j3dmHI^J) t SG (5pel- 
Bgll), and OH (Bftll-Hindllll Saturation mutaireneaiB using 
cassettes for each region waa performed throughout the entire 
molecule, relying on a technique that results in very low levels 
of wild-type sequences and roughly equal probabilities of one 
to five nucleotide changes in any one region (Poindexter et 
al t 1991). The use of intermediate plawnids In the construc- 
tions, along with colony hybridizations (eee "Materials and 
Methods"), greatly improved the yield of recombinant vectors, 
allowing insert frequencies over 90% to be achieved. More 
then 3,500 mutants were generated by thi& approach, encom- 
passing the eight regions of the IL-la gene (Fig. 1). 

In one region (RPh 31) mut&ntft were sequenced to deter- 
mine accurately the mutation frequencies (Foindexter et oL t 
1991). Those 30 mutants averaged 2.6 amino acid changes 
each, and every amino acid that could be altered in this region 
waa found to be changed at least once. Several amino acids 
had three or four different substitutions. Sequencing mutants 
in each of the other seven regions did not reveal any doviation 
from the expocted mutation frequency. More than 110 mu- 
tants were sequenced, and approximately 70% of the amino 
acid residues in IL-la were altered at least once. At thie rate 
of mutagenesis, screening approximately tt20 mutants, or 
roughly 66 mutants from each of the eight regions, should 
result in a 99% chance that all of the amino acids in IL-la 
which could be changed were altered at ioaet once (for a 
discussion of calculating these probabilities, see Hutchison et 
aL t 19BG). Thue, examination of 3,600 mutants should sample 
multiple mutations at every possible amino ucid. 

Screening of Mutant IL-la Proteins— Determining both the 
biological activity and the ability to inhibit the binding of 
wild-type IL-lff to the type I JL-1 receptor for each mutant 
allowed molecules to be identified which ajffectod theas two 
functions differentially. The ratio of biological activity to 
binding ability was examined This ratio represents an intrin- 
sic specific activity of the molecule and therefore should be 
independent of protein concentration. To validate thia ap- 
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Pig. *. Sequence of mutants, that 
alter Activity. Thv amino acid se- 
quence of tho nlovfldt caaaetwa U» shown 
with ths amino acid chqne** for each 
mutant undernaatft. The single letter 
amino acid code is used, 
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pioach, the biological activity end binding activity of 96 
identical samples of an E. coli lysate confining wild -type IL- 
la ware determined (Pig. 2A). Plotting tb|t biological activity 
against the binding activity resulted in j(i cluster of points, 
with the greatest error being in the biological activity, presum- 
ably becauBe of the greater inherent var|ation in this assay 
than in the binding oesay. Screening E. ?ali lyeateB f r0m 90 
different inductions, each producing wild-iype IL-la, resulted 
in the greater scatter with a tendency for £hc pointa to cluster 
along a line whose slope equaled the activity ratio of wild- 
type IL-la (Fig, 2B). Altering the concentration of wild-type 
IL-la only movee the ratio along thia ana- Dilutions were 
performed to verify that the activity sap was linear with 
respect to IL-la concentration (data not prawn), The assay* 
were able to distinguish levels of biological and binding activ- 
ity over a range greater than 1,000-fold. !| 

MutantB with a wild-type activity ratio should fall along 
the same line as wild-type IL-la contrdja included in each 
assay, ProteinB with Increased biological Activity in compari- 
son to the amount of binding activity a*|n ehould fall above 
this line, whereas mutant proteins with dycreeaed amounts of 
biological activity compared with the binding activity seen 
ehould Pall below this line. For screening purposes, mutants 
were determined to have altered activity Jatioa if there was at 
least a 10-fold increase or decrease in jjhe ratio relative to 
wild-type IL-la for at least three independent aete of assays. 
In addition, mutants whose E. cqU lyeatps lacked activity in 
either assay were reacreened to verify tho lack of activity. 

Approximately 1,700 clones were examined from the CR, 
PS, SU, and UB regions* encompassing;, more than one-half 
of the molecule. None of the mutant^ that demonstrated 



activity displayed any significant deviation from wild-type 
levels. These regions have an average of 2.2 amino acid 
changes per mutant (data not shown), which is not signifi- 
cantly different from the expected mutation rata. Fig. 2C 
displays a set of typical data for 80 mutants from the PS 
region of the molecule. The majority of theae proteins have 
activity ratios similar to wild-type IL-la. The other three 
regions give similar profiles. 

Although most of the 1£0Q mutants examined from the 
other four regions (HP, BS, SG, and GH) had activity ratios 
within 10-fold of wild-type IL*la, each region included several 
mutants that had a ratio that deviated from the wild-type IL- 
la ratio by more than 10-fold. An anolyin's of 90 typical 
mutants from the RP region is shown in Fig. 2/3. There are 
several mutants in this group which have significantly differ- 
ent activity ratios from wild-type IL-la. Aluhough several of 
these mutants failed to maintain an altered activity ratio 
upon subsequent aBsayB. many continued to have altered 
activity ratioB. 

Mutants from saturation mutagenesis with activity ratio* 
10-fold higher or 10-fold lower than wild-type ore shown in 
Fig, 3A. IL-la showed itaelf to be extremely resilient to 
change. Only 24 unique DNA sequences, out of more than 
3,600 examined, produced protein that displayed a significant 
difference in activity from wild-type (Fig, 9A ). This represents 
less than 0.7% of the mutants examined. 

Of the 24 different mutants with altered ration, 29 bad 
unique amino acid sequences (Fig. 4). RP754 and RP761, 
although having the same amino acid sequence, have different 
DNA sequences. This demonstrates the power of this ap- 
proach since it waa possible to identify two independent clones 
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Fin. ft. Three'<Uqionflloiml niodul of IL-1«. Siereoviuw ahuw* 
ing position of rtusidLmt* thnt hlfeirt th» activity rtT the mulem]*. Pone/ 
.4, the pluno of the figure id rouably perpcadictylar lo ihu uxU of ihe 
12-arunded barrel. ftuiuf 5. rotauad 00' J'rpm fi'iaw in pawl A, The 
itf-cnrbuh backbone ia shown uu fl ribbon, widji every Kith residua 
numfa^rfd. The tfrpea tphtrrx illumrate lh« roij]or region identified. 
The red und yd/ow xp/icre* indicate thu flrnrtllBjr regions mude up of 
residues Gl«-I06, A*n- IOB, Luu-100. HiR-l£7> *»a4 Hu-33, Ani-H-I, Ala- 
US, Tyr-M, Thr-4l, und respectively ? 

thai had the same phenotype and the sam t amino ucid 
changes out of h huge pool of recombinants. The 23 distinct 
amino acid sequences contained mutations at a total of 38 
amino acid residues. Thia correspond** to ^proximately 24% 
of the molecule, < 

Random Site-directed A/ufatfenaw— Ijfecause saturation 
mutagenesis often results in cqneervaUvo ^mino acid changes, 
random mutagenesis was performed at ^'pveml sites in the 
molecule. During the syntheaiH of a particular mutagenic 
cassette, a random sequence' was placet! at the codun of 
interest, allowing all possible amino acid| to be produced at 
this position. Situ-directed mutagenesis^ was performed at 
residues in the Lour regions identified by saturation mutagen- 
esis. Leu- 24 and Phe-152 ware chosen because singlu ymino 
acid changea introduced at these positions had already been 
found v> alter the activity ratio (i.e. mjutants RP7B4 and 
GH2D. Asp-26, Leu-28, Asn^03 ( Gly-lll and Tyr-121 were 
examined because more than one mutant had been (bund 
which altared these residues. A»n-25 and qln-lH6 wore studied 
because they appeared to be conserved Ijjydiophilic residues 
that were exposed 10 solvent, according to |he cryntallogruphic 
data (Graves et a/., 1990). Abti-29 was q]>io mutated because 
it waB one of the few conserved residues |)n the BP region of 
the molecule which was not identified uiing saturation mu- 
tagenesis. Up to 100 mutante at each position wore examined. 
Screening proteinB generated by random |ynutageneniu identi- 
fied several further single amino acid crjangen that affected 
the activity ratios of the molecule (Fig. 8/3). Although none 
Of the changes at Leu-2ti or Tyr-121 appeared to affect the 
ratio of biological activity to finding activity, substitution* at 



L-/rt Important for Activity 22109 

euuh of the other ft nmino ncida produced ar. least one mutant 
that altered the acMvicy ratio. 

Spatial LiKatinn of Mutations— T\\e crystal Hi.ructureii of 
IL-lrv (Graven et uU 1.990) and IL^l^ <Gillu>nd et 
Prietitle m a/., 1990) have boon fliuurrninsd tfj 2.7 and 2.0 A, 
respectively. Using a novel approach, the thfae-dimensionrt) 
coordinates were determined from the published m.ructura. 
The model of [L'lo- superimposes on the eiimlar.rrace from 
IL-1/3 with a root mean square difference of 0.75 A. Residua* 
that were determined by saturation mut«genMHia and by ran- 
dom mutagenesis to affect activity ration arc displayed un the 
modfc) for (Fig. 5). Interestingly, thiiwe wmino acids 

cluster in three redone. The majority are found dorm one 
side of the molecule, encompassing un area c<f approximately 
600 A*, 

DISCUSSION 

More than O.SOfl mutunts wore generated f.hmughout lL-ltr 
by sHturutinn mucagenesifl. The rate of mutagenesis wna more 
than suflicieiu- to produce Revet a I amino acid changes at every 
possible residue in ihe&o a/iEMI mutants. The hMofjjcal activiLy 
and the ability to inhibit the binding of Jt--Jc* were measured 
for avery mutant. Tlie ratk* nf biological nciiivity to binding 
activity gives a meuHure of the Bpeciliu activity of each muLanr., 
Antagonists will have low ratios, wboreuh mtitants with high 
ratios demnn Ktiate enhanced agonist activity 1 . 

Most nf the molecule could be mutated wiib liti.le effect on 
either activity. Combining the dam from saturation mutagen- 
egis and site- directed mutagunosifi, alterations at only 39 
posit ionK resulted in prtaeins with modi lied activity ratios. 
Although mutations at thoao residues resulted in proleinti 
with activity ratios up to 1,000-fold lens than wild-type, it 
would appear that oply a limited number of residuca nte 
critically required for activity. Moat rtfUiG oLjier 100 rewidues, 
or 75% of the molecule, mny not contrihutti mgnifiuantly to 
the biological activity of the molecule. Ay much as 88% of [L- 
L« may have Ur.tlc informational content, allowing n wide 
variety of amino acidft W he subatimted with li ttle efrw;r on 
activity (Zurawnkit lOill), This 1$ consistent with the obser- 
vations reported in this paper- 

Fig. 5 tihnws the spatial locations of the 39 residue* changed 
in mutantii with altered activity ratios. Almost all of the amino 
acid changes were found in ^strands, not in loops. With the 
exception of ammo acid a in tit rands 1 and \% most of tho^e 
amino acid residues have not been identified previously as 
important for activity. More than 7fi% of the identified amino 
acid residues arc located along one face of the moleculo. A 
subBtanUal numbwr oflhe mutated residues ere located in 0- 
Btrands 1, 2, a, 9, U, ajid 12. Several residue that may be 
involved in determining the activity of JL-Ja, *uch as Asp-26, 
Lys-UP, Gln-136, 11^-149, and Aflp-tBt, appear in specially 
similar position ft la IH/J. 

In addition to this one mojor region Ihura appear to be two 
smaller areas; one thut included Olu-IQfi, Asn-10S T 7-au*l0P, 
imd His-127, and another involving residuo* lle-33 f Arg-3^ 
Ala-35. Tyr-39, and Thr-41, The former three amino acid* 
form a email hydrophilic patch at tha bottom and slightly 
behind tho large region of mutated residuon, wher.eas the latter 
amino acids form an exposed patch off to one aide, separated 
from tho main region by strand* a und 4, The identification 
of three region* important for activity ia intriguing. Sine* the 
IL-l receptor is composer} of three IgG-likii domains, ii has 
boon postulated that oech nf tho throe domn|nfi interact with 
a region on TL-l (Clore et al % 19911. Deletion of ony nf the^e 
three domaine greatly .reducos the binding of ligand (Dower 
£Uid Sim*, 1990). 



Received from < > at 2/27/03 4:09:54 PM [Eastern Standard Time] j 



FEB. -2T 03 (THU) 15:54 



P. 032 



22110 



huiwa 
hu J 1.-10 



hull>-la 
mull.- la 
huU~20 

IL-RA 



Identification of Regions in IL-la Important for Activity 



SAKBrnHV U H F 
SAP YTYQ5DL RYXL 



« 9 5 G ft 




R I J X Y 
X L V ft Q 
p V R E L 

P I R 0 i 
KB9KN 

o a o 



H -Ijjv K W 
N . C TIL] R 
H , Y RyJ R _ _ _ 

a aQ3r i wuJv N 



ALU 

a l N 
COO 



JLL 1 * o o 



ask vhs 
yak vlb 
jtf r f Y ii a 





36 



fil 



huIL-la 
muIL-la 
hull-IB 
mull-lp 




11 

Kg] . . 0 X «(v 
KJt_ . . g 3 RJV 
A E H n[FV 
A M K|M 
AHEAD gfP 
» a * 



iw v. . 
9 H] 1 



133 



hulL-la 


L 


A 


0 






- F 


multi-la 


L 


A 


H 






* r 


hulL-lp 


L 


C 


c 


T 


K 


* u 


mult-lp 


L 


Q 


N 


H 


S 




IL-1RA 


k 


T 


N 


H 


9 


o t 




159 
133 



FiO. 6. Alignment of human and murine IL-l<v, Human and to urine IL-10, and IH roceptor antatfoMat. Residues that flre 
conserved in at learn throe of the sequences arc t^d. The 0-atmnda Tot IL-la ore shown Above the sequence. The numbering for human IL- 
la nnd IL-10 ii displayed an the ritfftt. Cloted circles indicate amino grid residues that were changed in IL-la mutants with altered phena types. 
Open circle* indicate rsftiduta in human IL-10 w£jch have been postulated to interact with the type I IL-1 racaptor. 



Using site-directed mutagenesis, single atnino acid changes 
that decrease or increase the ratio of bio ogical activity to 
binding ability were found at several positions in the molecule. 
At most of these locations only the substitution of specific 
amino acids bad any impact on activity. Screening up to 10ft 
isolates revealed only a small number of stiecific amino acid 
substitutions at Leu-24. Aen-25, Asn-29, jjly-117, Gln-136, 
and Phe-152 which altered the activity ratik Substitutions at 
Asp -26 and Asn-103 were exceptions. The presence of any of 
10 amino acids at Aap-26 altered the activity ratio. Changes 
at Aap-26 which reduce the amount of biological activity have 
bean reported (Yamoyoahi et □/.. 1990). This may indicate 
that an Asp residue at position 26 is required for wild-type 
activity. Several hydrophilic substitutions Afin-lOB did not 
appear to affect biological activity (Zurawakji, 1991). However, 
placing hydrophobic residues at this petition did affect the 
ratio, with a relative increase \n the biological Activity. 

Few other reports of IL-la mutagenesis have distinguished 
between changes that affect biological activity and those chat 
also alter the inter actions of the protein jwith the receptor. 
Mutations at Asp-l6l differentially affect biological activity 
and binding ability (Yamayoshi et qL % 1991J). Examination of 
a large group of IL-la mutants has previously revealed the 
importance of Aap-26 and Asp-151, but c;nly trie effectu on 
tnological activity were studied (KawasrjimB er al, 1992). 
Random combinatarial mutagenesis ha*- identified amino 
acids in which substitution s have no effect on biological 
activity (YanoMy and Zurawaki, 19G0). fho lack of muta- 



tions at certain residues was used to infer the importance of 
these residues for biological activity. There was, however, no 
demonstration of the ability of these mutants to interact with 
the IL-1 receptor. Since only biological activity was examined, 
it is difficult to determine whether the constraints on amino 
acid residues were functional in nature or whether there were 
structural constraints aa wall. 

Sequence alignments of human and mouse IL-la and IL- 
1/3 are shown in Fig. 6. These molecules bind to the type I ILr 
1 i o cop tor and are active In the EL4 conversion assay. Inclu- 
sion of IL-lra, a molecule that also binds to 1L-J receptor but 
produces no biological activity, in the alignment does not 
immediately reveal any obvious region that is responsible for 
the uncoupling of biological activity and the ability to bind 
receptor. The 39 amino acida identified in this report are also 
shown. Although many of these amino acids an found toward 
the COOH terminus of the molecule (which i« the most highly 
conserved region of the molecule), there doefi not appear to 
be much selection for conserved re a (dues. In fact, regions in 
which few amino acids are conserved, such £H| in strand 2 or 
strand B. have several residues that appear to be important 
for activity. Although there are no data demonstrating that 
IL-la and IL-l/9 interact with tho type I IL-1 receptor in the 
same fashion, residue* of IL'10 which have been ehawn to be 
important for biological activity are found m positions ho- 
molognu* to some of the residues identified for IL-la (Galirke 
et oi,1990; Ju et aL> 1991), 

Interestingly, residues of IL-10 which have been shown to 
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influence binding to the type I IL-l receptor or have been 
proposed to interact with the receptor (( lore et al. t 1991; 
Grenfell et aL. 1991; Labriola-ToropkinB eija*., 1991; Veerft- 
pendian et aL, 1992) are fenorully located cjlitaide the regions 
of IL-la shown in Fig. S. Out of 45 amino e^ide postulated to 
be involved In binding of IL-10 only 9 overlap with residues 
identified in thie study (Pig, 8). IMa and jtL*10 either have 
different regions interacting with the receikor. or there is a 
large region in IL-la and IL-10 which ie required for biological 
activity but not for high affinity interactions with the recep- 
tor, i 

A Buperfamily of molecules with protein jplding similar to 
IL-l has been proposed (Grevee et alt 19jcf0; Murrin et aL. 
1992). This auperfamily Uioludea certain proteinase inhibitore 
and heparin-binding growth factors, euch aajfibroblast growth 
factor. Two forme of fibroblast growth factoj have been shown 
to fold in a very similar fashion to IL-la <jnd IL-10 (Ago et 
aL, 1991; ErikHacm et a/., 1991; Zhang et a& 1991; Zhu et c/„ 
1991), displaying 12 0-strands with a pseudqf 3-fold symmetry. 
Several regione of the fibroblast growth factor molecule have 
been identified which are important for activity* These areaa 
occupy spatially similar regions of the fibroblast growth factor 
three-dimensional structure as the amino acids of IL-la iden- 
tified by saturation mutagenesis. The motjea of interaction 
between members of the IL-l Buperfamily and their respective 
receptors may involve similar regions of the folded protein. 

The manner in which IL-l generates a biological response 
la complicated. There are two different ligjndfl, an IL-l an- 
tagonist and two forma of IL-l receptor (Obwer et aL. 1990). 
There is evidence for multiple pathways of signal transduction 
(for review eee Sims et ai t 1993)- The effect of IL-l on a 
particular cell type may depend on the receptor found on the 
cell and which signaling pathway is being jused. Analysis of 
the effect of these mutations on the different biological re- 
sponses raay be helpful in further elucidation of IL-l signal 
transduction. I 
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